We report a chromatographic technique in which a vortex method of gas extraction and a thermal conductivity detector are used to measure carbon monoxide in blood. This method has the advantages of a small sample volume (100 l), a rapid analysis time (3 mm), ease of operation, and a high correlation with results of the standard gasometric method over the entire possible range (r = 0.999). The accuracy of this method (coefficient of variation) for measuring CO in human blood samples was 1.7%. With it, dissolved CO can be accurately measured, as demonstrated by the Bunsen solubility coefficient for plasma CO by this method of 22. 
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We report a chromatographic technique in which a vortex method of gas extraction and a thermal conductivity detector are used to measure carbon monoxide in blood. This method has the advantages of a small sample volume (100 l), a rapid analysis time (3 mm), ease of operation, and a high correlation with results of the standard gasometric method over the entire possible range (r = 0.999). The accuracy of this method (coefficient of variation) for measuring CO in human blood samples was 1.7%. With it, dissolved CO can be accurately measured, as demonstrated by the Bunsen solubility coefficient for plasma CO by this method of 22.0 ml of CO per liter of water per atm. (101 kN/m2) at 24 #{176}C (theoretical value: 21.8).
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The need for rapid, accurate measurement of carbon monoxide in blood has led to development of a wide variety of techniques (Table 1 ). The major difficulty has been that the more accurate techniques (1) (2) (3) (4) are also the most difficult and time consuming, whereas the simpler and more rapid methods (5, 6) are not as sensitive.
A recent report of a National Academy of Sciences Committee (7) emphasizes not only the general inadequacies of the existing methodology for carbon monoxide (CO) analysis in blood but also the need for development of an adequate technique for assessing the influence of low concentrations of carboxyhemoglobin on human performance.
Gas chromatography has proved to be a very accurate method for measuring blood gases, and several such techniques have been developed for CO (3, 8, 9) . However, they involve long, cumbersome techniques for gas release and elution of these gases onto the chromatographic columns, the most common being the coupling of a manometric apparatus to the sampling valve of the chromatograph (8, 9 
Methods and Results
The gas chromatograph, vortex extractor, and sampling valve are described in greater detail elsewhere (10) . A standard 1 mV (full scale) recorder with a rapidly changeable range selector as described by Hamilton (11) was used in these experiments. The range selector functioned as a zero-suppression device, which improved the resolution of peak heights as well as providing for high sensitivity at both low and high carboxyhemoglobin concentrations.
Extraction Procedures
The blood gases were extracted in a 1.8-ml glass vial (10 mm by 25 mm; Wheaton Scientific, Millville, N. J. 08332) sealed with a rubber stopper, which was clamped onto the vial with an aluminum retainer (both from the West Co., Phoenixville, Pa. 19460). Prior to sealing, the following were placed inside the vial: an acid-washed (in 0.1 mol/liter HC1) magnet (1.5 x 8 mm; Permag Pacific, Los Angeles, Calif. 90045), one drop of 2-octanol, 0.1 ml of lactic acid (0.5 mol/liter), and 0.1 ml of saponin-ferricyanide solution (2 g of saponin + 8 g of K3Fe(CN)6 in 42 ml of water). The sealed vial was purged with the carrier gas, helium, for 3 mm while the contents were stirred rapidly so as to produce a vortex. The flow rate of the purge gas was maintained in excess of 100 ml/ 
Dahms & Horvath was replaced into the barrel and the excess blood was ejected through the needle, leaving only the desired sample volume to be placed in the vial. The vial was placed on the vortex extractor for 3 mm, after which time the gas phase was eluted onto the columns by activating the gas-sampling valve on the chromatograph.
After the gas phase was eluted, the valve position could be changed and another vial placed on the extractor without affecting the performance of the chromatograph. The purging system has been separated from the extractor, thus permitting simultaneous extraction and purging and further decreasing the interval between analyses.
Detection and Separation
After elution from the sample vial, the sample and the carrier gas travel through 360 cm of hypodermic tubing to the gas sampling valve, through the injection port of the chromatograph, and onto the strippers and columns.
The 
Calibration of the Chromatograph
The chromatograph was calibrated by injecting a 250-1d sample of a standard gas of known composition (10 or 200 ml of CO per liter, the rest N2; Primary Standard grade) into a purged vial containing the normal reagents plus a volume of distilled water equal to the normal sample volume.
The gas sample could be measured with a gas-tight microsyringe (Hamilton Co., Reno, Nev. 89502; GF-1750 SNCH), which was filled from a gas cylinder containing dry gas. Care was taken not to handle the syringe excessively, so that the gas in the syringe would remain at room temperature, permitting correction of the volume to standard conditions of temperature and pressure. The vial containing the calibration gas was then treated as a normal sample. The chromatograph could also be calibrated with a blood sample containing a known amount of carbon monoxide. Calibration was required only once during an 8-h period, because we saw no change in response of calibration gas or blood gas in this time. Figure   1 , r = 0.978), and further established on blood-gas samples containing 1, 9.9, and 99.5 ml of CO per deciliter.The latter sample represented four to fivefold the quantity of carbon monoxide ever to be expected in a blood sample; therefore peak height can be used with this method over the entire range of carbon monoxide contents. Use of peak height has been reported to be less accurate than peak area (15); therefore, we compared peak height and peak area for 144 separate blood samples.
GasometriC Method
The range selector was not used for this group of samples, which contained 0.10 to 1.70 ml of CO per deciliter.
We found a linear response between peak height and peak area (Figure 2) , giving a correlation coefficient (r) of 0.994, and adequately substantiating the validity of using peak height to calculate carbon monoxide concentration by this technique. But this places a restriction on the method of calibration of the chromatograph: all calibration gas samples must be treated identically to blood samples-that is, injected into the sample vial rather than directly into the injection port of the chromatograph. This is because mechanical factors in the vortex extractor promote peak spreading; when identical volumes of gas were injected into the sample vial and into the injection port of the chromatograph there was a 10% decrease in peak height, but an insignificant change in peak area.
Accuracy.
We established the accuracy of the chromatographic technique by comparing the chromatographic and gasometric carbon monoxide contents over a limited range (0.08 to 1.92 ml/dl) and over the larger range of 0.5 to 84 ml of carboxyhemoglobin per deciliter ( Figure 3A and B, respectively). Each data point in Figure 3A and 3B represents the mean value of duplicate determinations by each technique.
The correlation coefficient for the 90 blood samples containing 0.08 to 1.92 ml of CO per deciliter was 0.984, and the linear regression equation was: chromatographic CO = 0.98154 (Van Slyke CO) + 0.0091 ml/dl. This correlation coefficient was slightly higher than the r = 0.978 obtained when peak height and Van Slyke CO content were compared.
This discrepancy was attributable to the slight variability in the day-to-day calibration of the chromatograph. This accuracy was substantiated over the entire range ( Figure 3B) Table 1) .
Another procedure we used to estimate reproducibility was to determine the standard error of the estimate between duplicate analyses, which is the product of the standard deviation of the mean and the square root of one minus the square of the correlation coefficient (12) . The standard error of the estimate for the chromatographic technique over a CO range of 0.091 to 2.000 ml/dl was 0.0131 and for the gasometric method for the same samples, 0.0889. This suggests that the scatter of points about the regression line in Figure 3A was the result of variability of the gasometric method. The greater coefficient of variability (5.1%) in the sample containing 0.130 ml of carbon monoxide per deciliter was due in part to recorder insensitivity at the sensitivity (1 mV full scale) used during standard operation.
The variability in the peak heights from this blood sample was very near the limits of error involved in reading the record.
To determine the variability of the method apart from this recording variable, we increased the sensitivity of the recorder by a factor of 2.5-i.e., to 0.40 mV full scale. We saw no detectable drift or baseline noise at this higher sensitivity. This same blood sample was then repeatedly analyzed, and the coefficient of variability was decreased to 3.4%. Therefore, recorder sensitivity is one limitation of this technique.
Resolution.
All of the above-mentioned comparisons were carried out on 100 l of whole blood, which
gives an acceptable accuracy and reproducibility, al- The efficiency of the vortex extraction procedure for removal of dissolved gas was of primary concern. To answer this question, we equilibrated 10 ml of fresh plasma, treated with 1 ml of K3Fe(CN)6 (3 g/ dl), with 99.5% CO for 30 mm. During the equilibration period the gas phase was replaced at 10-mm intervals.
The plasma was equilibrated in an oiled, heparinized, 30-ml glass syringe, which was rotated in a water bath at 24 #{176}C. Initial elution of the plasma sample vial gave an average of 2.13 ml of dissolved CO per deciliter, compared with the theoretical value of 2.11 ml/dl for water (13). From these results we calculated a Bunsen solubility coefficient (13) at 24 #{176}C of 22.0 ml of CO per liter of water per atm. (101 kN/m2) CO, compared to the theoretical value of 21.8 (13). The gas phases from the plasma samples were eluted onto the chromatograph a second time and no CO was detected.
Thus, the vortex method of extraction removed essentially all dissolved carbon monoxide from the liquid phase of the extraction vial. These findings were predictable, owing to the large gas phase [1.4 ml at 276 kPa (40 psia)J compared to the volume of dissolved CO being released from the plasma samples (5.5 zl). Under these conditions, at equilibrium the liquid phase in the vial would contain 6 tl of dissolved CO per deciliter. It is then reasonable that essentially all the dissolved CO is apparently released in the first elution.
